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Abstract 
The effects of multiwalled carbon nanotubes (NTs) on low-temperature phase 
transformations in 5CB were studied by means of differential scanning calorimetry 
(DSC), low-temperature photoluminescence and measurements of electrical conductivity. 
The concentration of NTs was varied within 0-1% wt. The experimental data, obtained 
for pure 5CB by DSC and measurements of photoluminescence in the heating mode, 
evidenced the presence of two crystallization processes at T≈229 K and T≈262 K, which 
correspond to aC1 → bC1 , and bC1 → 2C phase transformations. Increase of temperature T 
from 10 K до 229 K provoked the red shift of photoluminescence spectral band that was 
explained by flattening of 5CB molecule conformation. Moreover, the 
photoluminescence data allow to conclude that crystallisation at T≈229 K results in 
conformation transition to non-planar 5CB structure characteristic to ideal crystal. The 
non-planar conformations were dominating in nematic phase, i.e., at T>297 K. Electrical 
conductivity data for NTs-5CB composites revealed supplementary anomaly inside the 
stable crystalline phase C2, identified earlier in the temperature range 229 K-296.8 K. It 
can reflect the influence of phase transformation of 5CB in interfacial layers on the 
transport of charge carriers between NTs.  
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1. Introduction 
Nowadays, the studies of the properties of liquid crystalline composites, filled 
with nano-scale colloidal particles, present a great scientific and practical interest [1,2]. 
E.g., it was demonstrated that carbon nanotubes (NTs) with high aspect ratio (≥500-1000) 
can affect and improve the distinctive electro-physical, photonic and electro-optic 
characteristics of liquid crystals (LC) used in optical device and display applications [3]. 
Doping of LC by NTs allows reduction of the response time and driving voltage, as well 
as suppressing of the parasitic backflow and image sticking typical for LC cells [4–7]. 
Remarkable effects, such as electromechanical memory [8], super-elongation [9], 
anomalous electrokinetic dispersion [10] and ultra-low percolation thresholds [11–17] 
were also discovered.   
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The detailed study of optical and electrophysical properties of a nematic 5CB (4-
cyano-4′-pentyl-biphenyl), filled with multilayer carbon NTs (0.0025-0.1 wt %), has 
shown the tendency to aggregation of NTs, formation of clusters with the fractal structure 
and percolation transition to a state with high electric conductivity [14–16]. Note that 
5CB is a typical nematic LC, which exhibits crystalline, nematic and isotropic phases 
(Fig.1). The detailed studies have revealed also in 5CB the presence of rich solid 
crystalline polymorphism (SCP) dependent upon the thermal pre-history treatment [18]. 
Typically, SCP reflects the structure and short range order in the mesogenic phases; it 
does not totally exclude the conformational changes of the molecules [19]. The presence 
of SCP in 5CB was justified by Raman study [20,21] where the doublet in the C-N 
stretching region was observed and assigned to the presence of a polymorphic structure in 
5CB [22]. The complicated photoluminesence spectral band was observed at low 
temperatures. It was explained by formation of different configurations of monomer and 
dimer structures of 5CB molecules [23–25]. The luminescence in nematic phase (near the 
room temperatures) was determined by the dimer structure, however, the mixture of 
monomer/dimer structures became dominating below the crystallization point and the 
fraction of dimer structure was decreasing with temperature.  
Many properties of 5CB-NTs composites may be determined by the interfacial 
structures of 5CB near the surface of NTs. Note that analysis of the interfacial structures 
of 5CB on metal surfaces (Ag and Au) evidenced existence of the different binding 
schemes for 5 CB on metal surfaces [21]. Moreover, strong interaction between NTs and 
5CB was justified by observation of micron-sized interfacial 5CB layers with irregular 
field of elastic stresses, and a complex structure of birefringence near NT clusters was 
observed [16]. 
The aim of the present work was the study of the effects of multiwalled carbon 
nanotubes (NTs) on low-temperatures phase transformations in 5CB. The experimental 
data were obtained using the methods of differential scanning calorimetry (DSC), low-
temperature photoluminescence and measurements of electrical conductivity.  
2. Materials and Methods 
4-cyano-4′-pentyl-biphenyl (5CB) was purchased from Merck Ltd (Poole, GB). 
Its chemical composition is presented in Fig. 1. For pure 5CB, the crystalline–nematic 
transition temperature TC→N is 296.8 K and nematic–isotropic transition temperature TN→I  
is 308.4 K (the values are given by manufacture). 
Fig. 1. Chemical structure of 5CB and phase transition temperatures. 
 
The NTs were produced from ethylene by CVD method (TMSpetsmash Ltd., 
Kyiv, Ukraine) using FeAlMo as a catalyst [26]. The NTs were further treated by alkaline 
and acidic solutions and washed by distilled water until reaching of distilled water pH in 
the filtrate. The NTs had the outer diameter about 20-30 nm, while their length was 
approximately 5-10 microns. 
The 5CB-NTs composites were prepared by addition of the relevant quantities of 
NTs to 5CB in the isotropic state (T=320 K). The weight concentration of NTs was 
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varying within 0.1-1.0 %. The composites were sonicated for 5 min at the frequency of 
22 kHz and the output power of 150 W using the ultrasonic disperser UZDN-2T 
(Ukrrospribor, Ukraine).  
The calorimetric experiments were done using a differential-scanning calorimeter 
from TA Instruments, model DSC Q2000 equipped with a refrigerated cooling unit for 
controlled cooling and sub-ambient temperature operation. The measurements were 
carried out in the temperature range of 180–320 K in the cooling and heating modes, and 
the scanning rate was 5 K/min. 
The electrical conductivity measurements were carried out in a conductometric 
cell, equipped with two horizontal platinum electrodes. The electrode diameter was 14 
mm and the inter-electrode space was 0.5 mm.  Before the measurements, the cell parts 
were washed in hexane and dried at 390 K. The electrical conductivity of samples was 
measured by the inductance, capacitance, and resistance (LCR) meter 819 (Instek, 12 
Hz–100 kHz) under the fixed voltage U= 0.2 V and frequency of 0.5 kHz. High 0.5 kHz 
frequency was selected for avoidance of polarization effects on the electrodes and 
electrical field-induced asymmetric redistribution of NTs between the electrodes[27]. 
The conductivity measurements were carried out in the temperature range of 293–
333 K in the heating and cooling modes with the scanning rate of 2 K/min. The 
temperature was stabilized using thermoelectric Peltier cooling modules (MT2-1.6-12 7S, 
40x40 mm) in a home made thermostat and was recorded by a Teflon-coated K-type 
thermocouple (±0.1 K), connected to the data logger thermometer centre 309 (JDC 
Electronic SA, Switzerland).  
The photoluminescence spectra were measured using spectrofluorimeter MPF-4 
(Hitachi, Japan) and the exiting wavelength was 315 nm. The measurements were carried 
out in the temperature range of 10–300 K in the heating mode using a UTREX helium 
cryostat ("Sputnik”, Ukraine) equipped by the system of automatic temperature 
regulation, accurate to within 0.1 K. The sample of 5CB was placed in the quartz tubes 
with 5 mm inner diameter of and 25 mm height. Before the measurements it was rapidly 
cooled by direct immersion to the liquid helium. 
3. Results and their Discussion 
3.1. DSC data 
Figure 2 shows the DSC thermograms of 5CB-NTs composites measured during 
the cooling (a) and heating (b) modes. The samples were heated initially up to 310 K (to 
isotropic phase) and then were cooled at the rate of 5 K/min. The DSC peaks of 
isotropic→nematic transitions at TI→N≈308.5 K were narrow for pure 5CB and for low 
concentration of NTs (C=0.1%); however, they became broader at large concentration of 
NTs, C=1%. Strong supercooling of nematic phase and beginning of crystallization at 
TN→C≈260 K was observed for C=0-1%.. The increase of NT concentration resulted in 
increase of intensity and decrease of width of crystallization peaks. The low temperature 
crystallized phase was previously referred to as the metastable crystalline phase C1[18].  
Two crystallization (exothermic) peaks were observed for pure 5CB in the heating 
mode: the smaller was at T≈229 K and more intensive was at T≈262 K. The more 
intensive peak may be assigned to the crystallization transition observed earlier at T≈257 
K [18]. It was attributed to transition of the metastable crystalline phase C1 to solid state 
C, which melts at T≈296.8 K. The DCS data obtained in our work evidence that 
metastable phase C1 may be subdivide into two crystalline phases aC1  and 
bC1 . In 
presence of NTs, transition between the phases aC1  and 
bC1  became unobservable, and 
crystallization peaks, corresponding to transitions between the metastable 1C and stable 
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2C  crystalline phases, became more distinct at high concentration of NTs, CNT=1% (Fig. 
2).  
 
Fig. 2. DSC thermograms of 5CB-NTs composites at different concentrations of NTs, 
CNT, measured during the cooling (a) and heating (b) modes. Inserts show enlarged 
portions of thermograms. 
 
3.2. Photoluminescence spectra 
Figure 3 present the photoluminescence spectra of pure 5CB and NTs-5CB 
composite (CNT=1%) at two different temperatures, T=10 K and T=297 K.  
 
Fig. 3. Photoluminescence spectra of pure 5CB and NTs-5CB composite (CNT=1%) at 
two different temperatures, T=10 K and T=297 K. 
 
Increase of temperature T from 10 K до 297 K resulted in the long-wave (red) 
shift of band maximum and induced changes in the shape of spectral band for both pure 
5CB and NTs-5CB composite. These results can be explained by conformational changes 
in the structure of 5CB molecules with temperature increase[25]. The alkyl chains of 5CB 
in the low-temperature crystalline phase are in extended conformation. They are oriented 
practically perpendicular to the plane of the nearest benzene ring (the torsion angle is 
≈90°) and  dihedral angle is ≈32[28]. Owing to the high polarity of 5CB molecules and 
strong dipole-dipole interactions between them, they can form dimer structures with 
planar conformation of 5CB. These structures were shown to be dominating in nematic 
phase of 5CB [29]. The energy gap between ground state S0  and first excited S1 
conformations decreases decreases with increase of the fraction of molecules with planar 
conformation [30], that’s why the experimentally observed long-wave shift may reflect 
flattening of 5CB molecules with temperature increase. Note that previous investigation 
of photoluminescence of 5CB revealed the presence of several types of crystal 
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modifications with different monomer and dimer conformers below 160K [25].  The 
value of red shift, corresponding to the temperature increase from 10 K до 297 K, was 
noticeably larger in pure 5CB (27.2 nm) than in 1% NTs-5CB composite (10.47 nm). 
This effect may reflect the presence of strong perturbation of the crystalline structure and 
conformational state of 5CB molecules in the presence of 1% of NTs.  
The more detailed analysis revealed complex temperature dependencies of the 
band maximum λ and its half-width Δλ in photoluminescence spectra of pure 5CB and 
NTs-5CB composite (Fig. 4). The values of λ and Δλ were symbatically changing with 
temperature. For pure 5CB, the values of λ and Δλ initially increased within the 
temperature range of 10-230 K. It may be explained by flattening of 5CB molecules with 
temperature increase [30]. The evident crystal–crystal transformation at T≈ 80K (it was 
denoted as transformation between the crystalline phases aoC  and 
b
oC  in Fig. 4a) was 
accompanied by  the total loss of fine structure in 5CB photoluminescence spectrum and 
disappearance of the spectral band at 343 nm [25]. From the other side, the saturation 
observed in λ(T) and Δλ(T) dependencies  above T≈ 140 K  corresponded to appearance 
of a new spectral band at 424 nm [25]. The crystal–crystal transformation at T≈ 140 K (it 
was denoted as transition between the crystalline phases boC  and 
aC1  in Fig. 4a) was 
previously explained by formation of the overlapping dimers of 5CB.  
 
Fig. 4. Temperature dependencies of band maximum λ and its half-width Δλ in 
photoluminescence spectra of pure 5CB and NTs-5CB composite (CNT=1%). 
 
The noticeable dips in temperature dependences of λ and Δλ were observed 
between 230 K and ≈295 K. The sharp transition at T≈230 K correlated with transition 
between the metastable crystalline phases aC1  and 
bC1  observed from DSC data (Fig. 2b) 
at 229 K. It is reasonable to assume that observed aC1  → bC1  transition can reflect 
cooperative low-temperature transformations inside the metastable phase. The 
photoluminescence data did not reveal bC1  → 2C  transition at T=262 K (Fig. 4) that was 
revealed from DSC data. Possibly, it reflected different thermal prehistories of the 
samples in DSC and photoluminescence measurements. The aC1  → bC1  transformation 
was less observable in photoluminescence data (Fig. 4) and practically invisible in DSC 
data in the presence of NTs (Fig.2b). This fact can be explained by partial elimination of 
the metastable state of 5CB in the presence of NTs. Acceleration of crystallisation 
processes in 5CB in the presence of NTs supports this conclusion (Fig. 2a).  
3.2. Electrical conductivity 
For better insight into the phase transformations in the temperature range between 
the crystalline phases 1C , 2C  and nematic phase N, the supplementary measurements of 
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electrical conductivity σ were done for the NTs-5CB composites with concentration of 
NTs above the percolation threshold (CNT=0.1-1%). The previous experimental data for 
NTs-5CB composites evidenced an abrupt growth of σ by several order of magnitude 
with increase of NT concentration and percolation transition from non-conducting to 
conducting state was observed at CNT≥0.025-0.1% [15,16]. Moreover, the hysteretic 
temperature behaviour of σ was observed. It was explained by spatial rearrangement of 
NTs inside LC. Electrical conductivity near the percolation threshold can be rather 
sensible to structural organisation of NT networks, the interfacial structures of 5CB near 
the surface of NTs, and phase state of 5CB in bulk. So, electrical conductivity may be a 
sensible tool for detection of the different kinds of phase transformations.  
 
Fig. 5. Temperature dependences of electrical conductivity σ of NTs-5CB composites 
for different concentrations of NTs in the heating (a) and cooling (b) regimes. 
 
The temperature dependences of electrical conductivity σ at different 
concentrations of NTs are shown in Fig.5 in heating (a) and cooling (b) regimes. In 
measurements of these dependences, the samples were first cooled to the solid state at 
250 K, then heated to the isotropic state at 320 K and then cooled again to 250 K. 
The temperature dependencies of electrical conductivity σ in the cooling regime 
were typical for supercooled nematic phases and the value of σ was noticeably increasing 
with commencement of crystallization[12] (Fig. 5b). The temperature dependencies of 
electrical conductivity σ in the heating regime displayed several anomalies, most distinct 
at T ≈262 K, T ≈274-278 K and T ≈296.8 K (Fig. 5a). The anomaly, corresponding to the 
melting point of 5CB (TN→I≈296.8 K), was assigned to manifestation of the effect of 
positive temperature coefficient (PTC) of resistivity. It was previously explained by the 
influence of thermal expansion of the LC matrix on destruction of percolation clusters, 
produced by multiply connected NTs [16]. The less pronounced PTC effect was observed 
also for transition between 1C and 2C  crystalline phases at 21 CCT →  ≈262 K. The 
minimums of σ (T), observed in the temperature range ≈274-278 K, evidenced more 
complex phase behaviour inside the previously identified crystalline phase C2. It fact, this 
phase can be subdivided into two crystalline phases: aC2  and 
bC2  (Fig. 5a). Behaviour of 
electrical conductivity was quite different inside these phases. It decreased inside aC2  
phase and passed through the maximum inside bC2  phase with temperature increase. The 
nature of such behaviour is still unclear. However, the crystalline phases aC2  and 
bC2  
were not observed in DSC (Fig. 2b) and photophorescence (Fig. 4) measurements that are 
more sensitive to the bulk properties of composites. So, we can speculate that these 
phases reflect the influence of phase transformations of 5CB in the interfacial layers on 
the transport of charge carriers between NTs.  
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Conclusions 
The typical nematic liquid crystal 5CB reveals a variety of phase transformations 
in the solid state. The previous investigations revealed the low-temperature crystal-crystal 
transformations at T≈80 K, T≈140 K (photoluminescence data [25]) and at T≈257 K 
(DSC data [18]). Our experimental data, obtained by DSC and photoluminescence 
measurements in the heating mode, evidenced the presence of two crystallization 
processes at T≈229 K and T≈262 K, which correspond to the phase transformations 
aC1 → bC1 , and bC1 → 2C . The amplitude of these transformations may reflect the cooling 
pre-history of the sample. Increase of temperature T from 10 K до 229 K provoked the 
red shift of photoluminescence spectral band that can be explained by flattening of the 
conformation of 5CB molecules. Crystallisation at T≈229 K resulted in conformation 
transition to non-planar 5CB structure, characteristic to ideal crystal. However, the 
fraction of molecules in non-planar conformation became again dominating in nematic 
phase, i.e. at T>297 K. Finally, the low-temperature phase transformations in pure 5CB 
may be represented by the following row: aoC (≈80 K) → boC (≈140 K) → aC1 (≈229 K) 
→ bC1 (≈262 K) → 2C (≈296.8 K) →N (308.4) → I . The introduction of NTs resulted in 
partial elimination of the metastable states of 5CB (e.g., aC1 ,
bC1  phases). Electrical 
conductivity data for NTs-5CB composites revealed a supplementary anomaly inside the 
previously identified crystalline phase C2 [18]. This phase can be subdivided in two 
crystalline phases: aC2  and 
bC2  (at T≈274-278 K). It can reflect the influence of phase 
transformations of 5CB in the interfacial layers on the transport of charge carriers 
between NTs.  
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